The antibacterial properties of a Cu -ZrO2 film grown via aerosol assisted chemical vapour deposition are presented. The composite film showed high activity against E. coli (Gram-negative) and S. aureus (Gram-positive) bacteria with 5 log10 (E. coli) and 4 log10 (S. aureus) decrease in viable bacteria achieved within 20 and 60 minutes respectively. These results were comparable to a pure copper film that was prepared under the same conditions. The composite film was characterized for material properties using a range of techniques including X-ray photoemission and X-ray diffraction.
Introduction
Hospital acquired infections (HAI) are a leading heath care problem affecting millions of patients every year.
1,2 Infections caused by multidrug resist strains of bacteria due to decades of inappropriate antibiotic use are of particular concern. 3, 4 HAI in majority of cases are caused by spread of bacteria through contact with contaminated surfaces in health care environments and as such alternative approaches to disinfection are key to reduction of infections.
Antimicrobial coatings consisting of metals (Cu or Ag), metal oxides (TiO2 or ZnO) and even organic compounds (methylene blue) encased in polymers have the potential to provide highly effective unorthodox routes to creating active decontamination surfaces. 5 Applying these coatings to high contact 'touch surfaces' (door handles and computer keyboards) found in hygiene sensitive environments has been shown to reduce microbial contamination. [6] [7] [8] Antimicrobial coatings also play an important role in minimizing infections of orthopedic and dental implants that are the main cause of implant complications and failure. 9, 10 The primary reasons for infection of the implant surface are the formation of a protein layer, which helps with biocompatibility but also allows bacteria to colonise and compromised host immunity ability at the implant-tissue interface. 9, 11 Antimicrobial coatings applied to the implants, which border the junction between the implant and tissue, have been shown to reduce infection. 10 Common applications include antibiotic release from polymer coatings as well as anti-infective silver releasing coatings. 12, 13 Surface modifications of implants using copper and silver have also been studied. 9 Huang et. al showed that titanium, stainless steel and Ti-AlNb metal implants had antimicrobial activity against S. aureus and increased wear resistance properties compared to pristine samples. 14, 15 Furthermore, Chang and coworkers studied silver and copper doped ZrO2 coatings on Ti implants and showed that they had increased resistance to colonisation from several types of bacteria. 16 Copper has a long history of use as an antimicrobial agent to treat wounds and clean water. 17, 18 The mechanism of action is still disputed but one possible method is via reactive oxygen species produced through Fenton-type reactions that cause DNA damage. 18, 19 Hence, the use of copper in the form of thin films, powders and nanoparticles powders is well documented in literature. Carmalt and Parkin et al.
found that copper films show good antimicrobial activity against E. coli and S.
aureus. 17 Marikani et at showed that copper nanoparticles produced via the reduction of copper acetate hydrate had an antibacterial effect against a range of bacterial including E. coli, S. aureus and P. aeruginosa.
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Zirconium oxide (ZrO2) is an important multifunctional material that has been used in fuel cells, gas sensors, catalysis and optical dielectrics and is generally produced via sol-gel, hydrothermal and solid-state reactions. Furthermore, it is renowned for its mechanical (high fracture toughness) properties and biocompatibility and research has
shown that it can be employed in dental implants or coatings on orthopedic implants such as Ti metal. 16, 21 Since ZrO2 does not show any intrinsic antimicrobial properties, the formation of composites of ZrO2 with naturally antimicrobial species such as Cu could be very promising in the fight against bacterial infection of orthopedic and dental implants. [14] [15] [16] 21 In this paper we show for the first time the formation of Cu -ZrO2 composite films.
The motivation being that a composite of Cu-ZrO2 would be a suitable and convenient coating on orthopedic implants to prevent infection as it enables the facile formation though Aerosol Assisted Chemical Vapour Deposition of a layer with both high biocompatibility and antibacterial properties. The use of AACVD for the formation of the film provides a simple solution based route that is easily scalable. 22, 23 In AACVD the precursors are dissolved in a suitable solvent, atomized and transported into the deposition chamber using a carrier gas. 24 Films produced via AACVD are of high quality and have many applications including photovoltaics, optoelectronics and photocatalysis. [25] [26] [27] [28] [29] [30] [31] Notably these Cu -ZrO2 coatings are rugged and very resistant to abrasion.
.
Experimental

General Procedure
Depositions were carried out under nitrogen (99.99% from BOC 
Film Characterization
XRD data were collected using microfocus Bruker GAADS powder X-ray diffractometer using a monochromated Cu Kα radiation. (XPS) X-ray photoelectron spectroscopy was carried out using a Thermo Scientific K-Alpha instrument with monochromatic Al-K  source. SEM images were carried out on a JEOL 6301F instrument with acceleration voltage of 5 kV. Samples were prepared by cutting to 10 mm × 10 mm and then coated with gold in order to avoid charging. UV-Vis spectroscopy was carried out using both a Lamda 25 and 950 instruments. Water droplet contact angles were carried out using an FTA-1000 drop shape instrument. A Fujifilm Finepix HS25 EXR camera captured image at 1000 frames per second.
Antibacterial Testing
One colony of Escherichia coli (ATCC 25922) or Staphylococcus aureus (8325-4)
was inoculated into 10 mL of brain heart infusion (BHI) (Oxoid, Basingstoke, UK) and incubated with shaking at 200 rpm at 37 °C for 18 hours. The culture was centrifuged at 3000xg for 15 mins to recover the bacteria and washed in phosphatebuffered saline (PBS) (10 ml) (Oxoid, Basingstoke,UK), then centrifuged at 3000×g
for 15 minute and re-suspend in 10 ml of (PBS). Finally, suspensions of the bacteria were diluted in 10 ml of phosphate-buffered saline (PBS) to give an inoculum containing approximately 10 6 colony forming units (cfu).
Prior to use, ZrO2, Cu, Cu-ZrO2 thin films and uncoated glass controls were cut into Figure 2 shows the X -ray photoemission spectra for the Zr 3d and Cu 2p region for the composite Cu -ZrO2 film. The Zr5/2 peak is centered at 181.9 eV corresponds to Zr in the 4+ oxidation state as expected. Deconvolution of the Cu 2p peak reveals the presence of a mixture of oxidation states. The predominant Cu 2p3/2 peak centered at 932.5 eV can be assigned to Cu (0) and/or Cu (I) as it is difficult to differentiate between Cu (0) and Cu (I) from the Cu 2p transition alone. 39 But since XRD analysis (see Figure 1) indicates that both Cu metal and a small amount of Cu2O are present in the composite film it is possible to conclude that both Cu (0) and Cu (I) are present in the XPS spectrum. In addition, there in another peak at 934.6 eV that corresponds to Cu in the 2+ oxidation state. 39, 40 The presence of a Cu (II) species is also supported by the occurrence of the Cu (II) shake-up satellite at 940.3 eV. 39 Elemental analysis of the surface of the film from the sensitivity corrected Zr 3d and Cu 2p peak areas show that the ratio of Cu to Zr was 2.3 to 1 (see supporting information). Also, of the Cu content of the composite film surface, there are 5 times as much Cu (0) / Cu (I) compared to Cu (II) based on the assumption that the contribution to the shake-up satellite peak is solely from the Cu (II) component. The microstructure of the Cu, ZrO2 and Cu -ZrO2 films were probed using electron microscopy ( Figure 3 ). The Cu film showed a morphology made up of particles ranging between 100 -500 nm in width that were not very densely packed across the areas analysed. The ZrO2 film also had a similar morphology. The composite Cu - Optical spectra from the ultraviolet to the near infrared region are shown in Figure 4 .
As expected, the Cu film showed metallic properties with low transmittance and high reflectivity in the near IR region. Transmittance in the visible region was also low at less than ca. 20%. The ZrO2 film showed the typical high transmittance values in the visible (ca. 80%) and near IR (ca. 75%) regions. Reflectance for the ZrO2 film was at ca. 20% across the whole spectrum analysed. In the near IR region the transmittance was between that of the Cu and the ZrO2 film at ca. 30%. Reflectance in the IR region was generally around 40% but between 600-700 nm there is a peak, which explains the brown/copper appearance of the film. The inactivation of bacteria in contact ('contact killing') with Cu and Cu containing surfaces, such as in the case here, is thought to be due to a number of factors. 18, 41, 42 Although the process is complex and not fully understood, it is thought that Cu ions released into the surrounding solution from the antibacterial surfaces result in initial bacterial membrane damage which then causes an influx of Cu ions into cell. 41 The high intracellular Cu ion levels prove toxic to bacteria, resulting in cell death.
The results presented in this paper are comparable to previously reported antibacterial activity of Cu samples. 17, [42] [43] [44] The similar activity of the Cu -ZrO2 film to the Cu film is attributed to the Cu rich surface of the composite film as shown from XPS analysis ( Figure 2) . Moreover, the Cu-ZrO2 composite film is more mechanically robust compared to the Cu film thus making it more suitable for applications in medical applications. 
Conclusion
In summary, the composite Cu-ZrO2 film grown from the AACVD reaction of Cu(NO3)2.3H2O and Zr(acac)2 in methanol at 430 o C showed potential as a antibacterial coating for orthopedic implants. This is due mainly to:
 Antibacterial properties of the Cu component of the composite that showed high activity against E. coli and S. aureus.
 The biocompatibility and material toughness of the ZrO2 constituent.
 High robustness to mechanical damage compared to the pure Cu
The film was able to cause a very significant reduction in bacterial numbers, giving 5 log10 kills of E. coli and 4 log10 S. aureus within 20 and 60 minutes respectively. This compares well with the pure copper film that was tested in this study, as well as with literature reports. 18, 41, 42 XRD analysis showed evidence for the presence of two separate phases in the composite film, while XPS studies showed copper rich nature of the film surface, which is advantageous for antibacterial applications. Wettability studies on the films determined via water contact angle measurements show that the contact angle is similar (ca. 95 o ) for all the AACVD prepared films. Thus eliminating the contact between the bacteria solution and the film as a variable.
